Abstract Hooghly-Matla estuarine system along with the Sundarbans mangroves forms one of the most diverse and vulnerable ecosystems in the world. We have investigated the distribution of Co, Cr, Cu, Fe and Zn along with sediment properties at six locations [Shamshernagar (S1), Kumirmari (S2 and S3), Petuaghat (S4), Tapoban (S5) and Chemaguri (S6)] in the Hooghly estuary and reclaimed islands of the Sundarbans for assessing the degree of contamination and potential ecological risks. Enrichment factor values (0.9-21.6) show enrichment of Co, Cu and Zn in the intertidal sediments considering all sampling locations and depth profiles. Geo-accumulation index values irrespective of sampling locations and depth revealed that Co and Cu are under class II and class III level indicating a moderate contamination of sediments. The pollution load index was higher than unity (1.6-2.1), and Co and Cu were the major contributors to the sediment pollution followed by Zn, Cr and Fe with the minimum values at S1 and the maximum 
Introduction
The health of estuarine and marine sediments is a potential indicator of contamination by potentially toxic elements (PTEs) in aquatic environments (Chapman et al. 2013; Shaheen et al. 2016; Rinklebe et al. 2017) . Marine and estuarine sediments may act as sink of PTEs, e.g., these contaminants generated from a vast array of anthropogenic activities and natural pathways such as industrial effluent, agricultural and storm water run-off, mining activities, domestic and municipal sewage, and atmospheric deposition (Pan et al. 2014; Shaheen et al. 2017a ). The PTEs impart adverse impacts on living organisms, e.g., plants, animals, and on human health when present in higher concentrations in sediments (Ahmadpoor et al. 2010; Antoniadis et al. 2017a ). Due to the persistence nature of PTEs, bioaccumulation capacity and toxicity several marine, estuarine and fresh water sediments are being studied globally in terms of elemental enrichment and associated ecological risks (Rinklebe and Shaheen 2015; Tatone et al. 2016; Antoniadis et al. 2017b; Shaheen et al. 2017b ). In nature, distribution and mobilization of PTEs in sediment depend on several physicochemical factors like organic content, pH, grain size, redox potential, Fe and/or Mn oxyhydroxides (Mounier et al. 2001; Du Laing et al. 2009; Banerjee et al. 2012; Rinklebe et al. 2016 ). However, a certain change in any/many of the physicochemical factors may cause the release of PTEs into the groundwater and adjacent aquatic environment (Jones and Turki 1997; Shaheen et al. 2014a, b) , thereby posing a severe threat toward the coastal estuarine ecosystem (Lichtfouse et al. 2005; Kumar and Ramanathan 2015) .
Coastal estuarine mangrove habitats provide a broad range of ecosystem services along with important economical, societal and cultural functions (Rönnbäck et al. 2007; Birch et al. 2013; Nath et al. 2014a, b) . Mangroves are a group of halophytic plant species which inhabit intertidal zones of tropics and subtropics (Nath et al. 2013; Chaudhuri et al. 2014; Birch et al. 2015; Ghosh et al. 2015) and are estimated to cover * 150,000 km 2 globally (FAO 2010) . However, mangrove habitats are vulnerable to growing human-induced pressures and climate change phenomenon. India accounts * 3% of global mangrove cover, in which Sundarbans alone is the home of * 45% of total mangrove cover of India (Ghosh et al. 2015) .
The Ganges-Brahmaputra deltaic system is one of the world's largest densely populated and low-lying deltaic systems, formed from the sediments deposited mainly by rivers, the Ganges, Brahmaputra and Meghna (Stanley and Hait 2000; Banerjee et al. 2012; Kumar et al. 2016 ). The delta is the home of world's single largest continuous tract of diverse and dense mangroves named the Sundarbans (Hussain and Acharya 1994; Stanley and Hait 2000) . In mangrove habitats, sequestration of trace metal takes place mainly due to the availability of sulfides and organic matter, which enhances the formation of insoluble organometallic complexes and metal sulfides (JanakiRaman et al. 2007; Zhou et al. 2011) . In general, reduced and anaerobic condition of estuarine and coastal mangrove sediments favors the sequestration of waterborne potentially toxic elements (Defew and Mair 2005; Marchand et al. 2006) .
The rapid industrial and unplanned urban growth along with the changes in land use practices on the bank of river Hooghly has resulted in an increase in the flow of untreated and/or semi-treated industrial effluents along with domestic and municipal sewage and wastes into the coastal estuarine ecosystem by several folds (Sarkar et al. 2004; Saha et al. 2006; Rakshit et al. 2015) . These industries are the main human-induced sources of PTEs such as Cr, Co, Cu, Zn, Pb, Ni, Fe and Mn in the estuary ). The conversion of mangrove wetland for paddy and shrimp farming in the reclaimed islands of the Sundarbans has also caused the degradation of the regional environment (Ghosh et al. 2015) . Surface runoff from the paddy fields and aquaculture farms are of serious concern for the proper management and conservation of costal and estuarine habitat. The status of high level of contamination of the region by PTEs is becoming aggravated due to frequent additional discharge of contaminants from point sources, which adversely affects biotic community.
Since colonial era, northeastern coastal region of India, especially banks of Hooghly estuary, has a long history of industrialization such as jute, iron and steel industries, in particulars, spans over hundreds of years. Moreover, near Kolkata, Hooghly estuary also has a century old port. A considerable ecological changes and degradation are evident due to gradual increase in discharges of industrial effluents and partially treated domestic sewage, along with the rapid expansion of Haldia port and industrial complex. The estuary has become susceptible to different types of chemical contaminants like PTEs and petroleum-derived hydrocarbons, organochlorine pesticides, which may affect the local ecosystem (Sarkar et al. 2004; Saha et al. 2006) . This coastal estuarine habitat suffers from environmental degradation due to rapid and unplanned human settlement, conversion of mangrove habitats to other land use practices such as aquaculture and agriculture, tourism and port activities and operation of mechanized boats (Gopal and Chauhan 2006) . Simultaneously, strict law and regulations have been enforced on industries in the recent decades for the release of PTEs in environment. Most of the recent findings regarding the level of PTEs and associated ecological risks are from China (Luo et al. 2010; Cheng et al. 2011; Pan et al. 2014; Wang et al. 2015; Ke et al. 2017) ; Iran (Bastami et al. 2012 (Bastami et al. , 2014 ; Mexico (Carvalho et al. 2009 ); Tunisia (Oueslati et al. 2017) and Turkey (Pekey et al. 2004) . Despite several studies dealing with the trace metal distribution in the region (Sarkar et al. 2004; Chatterjee et al. 2007; Banerjee et al. 2012; Ghosh et al. 2016) , there is an absolute lack of information on the ecological risks associated with those trace metals. Hence, the case study of Hooghly-Matla estuarine system is of special importance as the findings will help us to fill the knowledge gap in better understanding of contamination status and its potential ecological risks. The main aim of present study was to investigate the potential ecological risks of some selected PTEs (Cu, Cr, Co, Fe and Zn) in the sediments of the ecoregion adjoining river Hooghly and the Sundarbans. Specifically, our main objectives are: (1) to assess the distribution of potentially toxic trace metals in the intertidal sediments of Hooghly estuary and reclaimed area of Indian Sundarbans; (2) to assess intensity of contamination of PTEs by using the sediment quality indices; (3) to assess the potential ecological risk due to the accumulation of trace metals in the coastal and estuarine sediments and (4) to assess the impacts of geochemical processes and human-induced activities on the distribution of potentially toxic elements.
Materials and methods

Study area and sampling sites
The Sundarbans mangrove wetland is located at the mouth of the Hooghly-Matla estuarine system. The wetland is crisscrossed by complex networks of narrow tidal creeks and channels, which surround numerous islands at different levels of elevation at semidiurnal tides. Hooghly estuary (87°55 0 01 00 N-88°4 8 0 04 00 N latitude and 21°29 0 02 00 E to 101 22°09 0 00 00 E longitude) is the first deltaic distributary of the river Ganga (Fig. 1) . This estuary along with the magnificent mangroves of Indian Sundarbans forms one of the most ecologically significant and diverse ecosystems in the world (Bhattacharya and Das 2002) . The river Hooghly travels through the densely populated cities Kolkata and Howrah, and it has a centuries-old port on its banks. It is a globally important, unique and ecologically sensitive estuary with a catchment area of approximately 69,104 km 2 . The Hooghly estuary is well mixed due to strong tidal influx and low depth (6 m) (Sadhuram et al. 2005) . Tides are semidiurnal in nature with amplitude variation between 1.8 to 5.5 m ).
The present study was carried out in some selected reclaimed islands of Indian Sundarbans and in the mangrove habitats of Hooghly estuary. Three sampling stations were selected in two reclaimed islands of Indian Sundarbans, i.e., Shamshernagar (S1) and Kumirmari (S2 and S3) (Fig. 1) , which are claimed from nature for human settlements and occupational purposes, e.g., agriculture, aquaculture. Another three sampling stations Petuaghat (S4), Tapoban (S5) and Chemaguri (S6) (Fig. 1) were chosen near the mouth of Hooghly estuary, as contaminants generated either by human-induced pathways or by natural weathering process are distributed and deposited in the downstream region of the estuary. All six sampling stations including the reclaimed island of Indian Sundarbans and Hooghly estuary belong to different tidal and environmental regimes and have different land use pattern, e.g., agriculture, aquaculture, hotel and resort, fishing harbor, forest land, with a variable degree of exposures to PTEs. For instance, the study site at Shamshernagar (S1) is adjacent to forest land, whereas those in Kumirmari Island (S2 and S3) are adjacent to aquacultural and agricultural land use practices. Petuaghat (S4) is a mangrove habitat located near Deshpran fishing harbor, Kanthi on the west bank of Hooghly estuary, whereas Tapoban (S5) and Chemaguri (S6) are situated near mangrove habitats on Sagar Island.
Sampling
Six sediment cores were collected from the sampling sites using polyvinyl chloride (PVC) cores (inner diameter 5 cm) in January-February 2014, during low tide. All PVC sediment cores used to collect intertidal sediments were pre-washed using Milli Q deionized water and 10% nitric acid solution. Depending on the nature of substratum, there is a variation in the length of the sediment core at different sampling location, but to keep uniformity, we have considered profile till 25-cm depth. The sediment cores were sliced into 5 subsections at 5-cm interval, i.e., 0-5, 5-10, 10-15 and 15-25 cm. After collection, the sediment samples were transferred to an ice box and moved to the laboratory and stored at 4°C. Trimble Juno SD handheld GPS was used to mark the geographical coordinates of sampling stations.
Sediment analyses
Sediment samples were dried in a hot air oven at 60°C and ground. Sediments pH and electrical conductivity were measured with a pH meter (Wenser WPH 10) and electrical conductivity meter (Labman LMCM 20), respectively, according to Sparks et al. (1996) . Organic carbon content of the sediments was estimated by rapid titrimetric method (Walkey and Black 1934; Kumar and Ramanathan 2015; Ghosh et al. 2016) . The particle size distribution of the sediments was analyzed using a laser particle size analyzer (Microtrac, S3500, USA) (Konert and Vandenberghe 1997) . Vigorous digestion method according to the standard method BS EN 13656 (2002) was followed for the extraction the total elements concentration in the sediments. The dried and finely ground sediment samples (0.5 g) were transferred to the Teflon digestion vessel for hot acid digestion using 3 ml aqua regia (HCl/HNO 3 3:1) and 5 ml hydrofluoric acid. 2.8 g of boric acid crystals and 10 ml of Milli Q water were added. Globules of boric acid were dissolved, the digested solution was transferred to a 50-ml volumetric flask, and volume is made up to 50 ml with Milli Q water. The solution was filtered with Millipore membrane (0.2 lm) and stored in polyvinyl tubes at 4°C for further analysis of Co, Cr, Cu, Fe and Zn in atomic absorption spectrophotometer (Thermo M5 AA).
Sediment contamination indices
The soil and sediment contamination indices enable the normalization of element concentrations in soil and sediment to unit less ''concentrations,'' which facilitates comparisons among several elements (Caeiro et al. 2005; Ghosh et al. 2016; Antoniadis et al. 2017a, b) . There are three often used soil contamination indices: enrichment factor (EF), geoaccumulation index (I geo ) and contamination factor (CF). While CF and I geo are calculated solely based on the ratio of an element in soil over that in the reference soil, EF uses a ''normalizer,'' an element common to the numerator and denominator (Abrahim and Parker 2008; Antoniadis et al. 2017c ). There are several factors like the proper selection of background reference value, variation in sediment grain size, proper classification and threshold level and the number of PTEs studied which are to be considered for the analysis of sediment contamination indices (Birch 2017) . Background reference value of PTEs indicates the concentration of that PTE in the sediment prior to any anthropogenic interference. Despite differences in site-specific geological processes, the different background references for PTEs were found to be varied moderately. Several researchers like Chakraborty et al. (2014) , Ghosh et al. (2016) and Bakshi et al. (2017) suggest the applicability of upper continental crust (UCC) values of Taylor and McLennan (1985) in Hooghly-Matla estuarine region. Hence, UCC values of Taylor and McLennan (1985) have been used as background reference value to investigate the status of anthropogenic interference in the region.
Enrichment factor (EF)
The EF is calculated by normalizing the given PTE concentration in soils or sediments to the concentration of Al or Fe (Islam et al. 2015a, b) , according to the following equation:
where C S is total element concentrations in soil and C RefS is background reference element concentration in uncontaminated sediments, while Fe S is total Fe concentration in the studied sediments, and Fe RefS is the background reference Fe concentration (Antoniadis et al. 2017a). The level of contamination of EF is then categorized as follows: class I: EF\ 1.5 (no enrichment), class II: EF= 1.5-3 (minor enrichment), class III: EF= 3-5 (moderate enrichment), class IV: EF= 5-10 (severe enrichment) and class V: EF[ 10 (very sever enrichment) (Bhuiyan et al. 2010; Islam et al. 2015a, b) .
Contamination factor
Contamination factor (CF) is the ratio obtained by dividing the concentration of PTEs in sediment by their background values:
where C S is total element concentrations in soil and C RefS is background reference element concentration in uncontaminated sediments. As background reference value of PTEs in reclaimed area of Indian Sundarbans and mangrove habitats of Hooghly estuarine systems is not available, this forced us to consider the concentration of metals in upper continental crust (UCC) as a background reference value in the sediments. According to Taylor and McLennan (1985) , UCC concentrations of trace metals are Cr = 85 mg kg -1 , Fe = 40,900 mg kg -1 , Co = 17 mg kg -1 , Cu = 25 mg kg
and Zn = 71 mg kg -1 , respectively. The contamination level may be classified as follows: low degree (CF\ 1), moderate degree (1 B CF\ 3), considerable degree (3 B CF\ 6) and very high degree (CFC 6) (Hakanson 1980; Maaman et al. 2015; Antoniadis et al. 2017a, b; Shaheen et al. 2017b ).
Pollution load index (PLI)
The PLI gives an overall toxicity assessment status of soil and also the contribution of the studied PTEs. To assess the soil quality, an integrated approach of pollution load index of all studied PTEs is calculated. The PLI is defined as the nth root of the multiplications of the contamination factor (CF) of the elements. The PLI of the four elements is calculated from the following equation according to Tomlinson et al. (1980) , Bhuiyan et al. (2010) , Suresh et al. (2011) , Islam et al. (2015a, b) , Ghosh et al. (2016) and Sharifi et al. (2016) .
where CF s,1 , CF s,2 , CF s,n are the CF values for elements; 1, 2, …, n, and n is the number of measured elements.
Geo-accumulation index (I geo )
The geo-accumulation index (I geo ) has been widely used to evaluate the degree of PTEs contamination of sediments in seven enrichment class (Müller 1969) . Geo-accumulation index can be calculated as below:
where C S is the given PTE concentration in sediments and C RefS is the background reference element concentration. The level of contamination as recorded by I geo is indicated by Latin numbering, as follows: I geo \ 0; class I: uncontaminated, 0 \ I geo \ 1; class II: uncontaminated to moderately contaminated, 1 \ I geo \ 2; class III: moderately contaminated, 2 \ I geo \ 3; class IV: moderately to strongly contaminated, 3 \ I geo \ 4; class V: strongly contaminated, 4 \ I geo \ 5; class VI: strongly to extremely contaminated, and I geo [ 5; class VII: extremely contaminated (Antoniadis et al. 2017a, b) . (Long et al. 1995) .
Statistical analyses and quality control Quality control of the extraction efficiency of total elements was performed using certified reference material for estuarine sediment obtained from the National Institute of Standards and Technology, NIST (1646a). The average recovery rates in the samples for trace metals were 90-112%. No procedural contamination was detected. Digestion of certified reference materials was also done following the same procedure used with sediments (BS EN 13656, 2002) . The elements were analyzed in the sediments using atomic absorption spectrometer (Thermo M5 AA). A 3-point calibration was performed using standard solutions (CertiPur, Merck) diluted in deionised water. Analyses of multi-element standards (Merck) were routinely included into the quality control.
The data derived were subjected to appropriate statistical tests. Pearson product correlation coefficients between trace metals, grain size and organic carbon were done. One-way ANOVA, i.e., analysis of variance method, was used to test the significant variances in distribution of potentially toxic trace elemental composition. Differences between individual means were estimated using Duncan's multiple range tests at p \ 0.05. Cluster analysis of the potentially toxic trace elemental concentrations based on their inter-linkage in deposition and accumulation pattern has been studied using MINITAB 16.
Results and discussion
Characteristics of the studied sediments
The sediment pH was neutral to alkaline and varied as follows: S1 (7.0-7.6), S2 (6.9-7.4), S3 (6.8-7.2), S4 (7.0-7.4), S5 (7.7-8.0) and S6 (7.6-7.8), respectively ( Table 1) . Value of pH is slightly lower in the reclaimed islands of Indian Sundarbans than mangrove habitats of Hooghly estuary which might be result of oxidation of FeS and FeS 2 to Fe 2 SO 4 and release of different types of organic acids due to decomposition of organic matter coming as acidic surface run-off from adjacent agricultural field (Chatterjee et al. 2009 ). The electrical conductivity (EC) of the sediments varied from 0.99 to 2.35 dS m -1 (Table 1 ). The organic carbon content of the sediments was low and ranged between 0.48 and 0.95%. The value of organic carbon content obtained in our study area are found to be in less than those reported (2.78%) in inter tidal sediments of varied tidal and estuarine habitat in southeastern coast of India (Achyuthan et al. 2002; Banerjee et al. 2012) . Decomposition, accumulation and distribution of organic carbon content are regulated by physicochemical properties of sediment (e.g., texture, pH, grain size); clay mineralogy and microbial activity (Coleman et al. 2004; Lützow et al. 2006; Saidy et al. 2012; Tahir and Marschner 2017) . Relatively low organic carbon content in intertidal sediments of reclaimed islands of Indian Sundarbans and mangrove habitats of Hooghly estuary might be due to nature of sedimentation process, high intensity of tidal influx and rapid transfer of organic content due to tidal dynamics Rogers et al. 2013) .
Grain size analysis is an effective tool for scientific differentiation of the depositional environment of a region (Flemming 2000; Kumar and Ramanathan 2015) . The grain size composition of both the reclaimed islands of Indian Sundarbans and mangrove (Table 1) . The sand fraction in sediment of reclaimed islands of Indian Sundarbans varied between 1.4 to 3.6%, while that in mangrove habitats of Hooghly estuary varied between 7.8 to 34.0%. Similarly, there is a dominance of silt (%) in sampling location S1-S3 over S4-S6 which varied between 63.4 to 70.1% and 49.9 to 68.6%, respectively, indicating prevailing of moderate hydrodynamic energy status in the estuarine water near reclaimed islands of Indian Sundarbans than mangrove habitats of Hooghly estuary (Massolo et al. 2012; Kumar and Ramanathan 2015) . The % clay fractions in sampling locations of reclaimed islands of Indian Sundarbans are also greater than that of mangrove habitats of Hooghly estuary 27.6 to 35.2% and 11.4 to 28.5%, respectively. The categorization of sediment under varying magnitude of hydrodynamic energy conditions suggests a general trend of the sediment to be dominated by silt which complements the data represented in Table 1 .
Total element concentrations
The vertical distribution of total Co, Cr, Cu, Fe and Zn in the studied sediment cores is presented in Fig. 2 . The distribution of the elements varied depending on sampling location and core depth which might be due to sediment grain size and high intensity of fluvial dynamics along with added input of contaminants from point source of pollution in the region (e.g., brick kilns, hotel and resorts, diesel operated motor boats, aquaculture and agriculture run-off). Concentrations (mg kg -1 ) of the studied elements in the sediments varied for Co (46-196.7) , , Fe (15, 233) and Zn (118.6-188.8) whereas the variation of trace metal accumulation in mangrove habitats of Hooghly estuary ranged between for Co (12.9-115.6), Fe (16, 670) and Zn (58-272) mg kg -1 (Fig. 2) . The mean concentrations of PTEs in the Shamshernagar (S1) were in following order: Fe [ Zn [ Co [ Cu [ Cr, whereas in Kumirmari (S2 and S3) 
In the mangrove habitats of Hooghly estuary, i.e., Petuaghat (S4), the trend of mean concentrations of PTEs in the cores is in the following order:
High concentrations of Fe in all sampling locations are very common incident that might be a result of the anoxic conditions due to the presence of organic content and sulfides (Thomas and Fernandez 1997; Abdo and Sayed 2009) or due to the textural and mineralogical characteristic of estuarine and/or marine sediments and also due to the presence of basaltic trappean rocks and laterites (Sarkar et al. 2004; Ghosh et al. 2016) . The maximum mean concentrations of Cr and Cu are observed in Tapoban (S5), Co in Shamshernagar (S1), Fe in Chemaguri (S6) and Zn in Kumirmari (S2) (Fig. 2) . In the present study, the increased concentrations of PTEs (Fe, Cu, Cr, Co and Zn) are evident in every segment of all six sampling locations, which indicate an increasing trend of natural weathering process along with unplanned industrial and rapid urban growth in the upstream (Ghosh et al. 2016) . In all of the sampling locations, Cr and Fe show strong correlation (p \ 0.01) with Cu indicating similar source or origin. Cr also shows strong correlation with Zn (p \ 0.01) which is an indication of identical input from anthropogenic sources, e.g., agricultural run-off or natural weathering process.
The grain size and organic carbon content in the intertidal sediments are two significant factors affecting the mobility and availability of PTEs. Distribution of PTEs into different grain size is dependent on the presence of absorption sites and the mineralogical composition of sediment (e.g., Acosta et al. 2011) . Fine particles, including clay fraction, are often soluble in contact with water phase and possess larger specific area which retains high concentrations of PTEs (Martínez-Martínez et al. 2010) . Moreover, mobilization of PTEs in the sediment can be controlled by the interactions between several biogeochemical factors, e.g., secondary mineral formation (Cox et al. 1995; Malpas et al. 2001; Gomes et al. 2016) . Previous works illuminate fine-grained sediments like clay facilitates the accumulation PTEs and organic content (Bayen 2012) . This also reflects in our study as grain sizes have both positive and negative correlation with trace metal concentrations and organic content (Table 2) . Soil organic carbon acts as a sink of PTEs (Tack et al. 1997 ) and shows strong correlation with Zn (p \ 0.05); Co (p \ 0.01); clay content (p \ 0.01) ( Table 2) . Decaying plant litter has contributed toward the binding of PTEs by adsorption, chelation and formation of organometallic complex (Du Laing et al. 2006 . Similarly, dissolved organic content, e.g., amino acids, carboxylic acids and fulvic acids, might form soluble complexes with PTEs, e.g., Zn and Co, thereby regulating the accumulation and distribution of PTEs in sediments.
Cluster analysis was applied to evaluate the estuarine sediment quality data set to group PTEs on the basis of their similarity or association with each other. Cluster analysis rendered a dendrogram (Fig. 3) where all the PTEs were grouped together. Two broad subclusters were observed; cluster-I comprises elements Cu, Cr and Fe, cluster-II comprises Zn and Co indicating similar source of origins, e.g., natural (product of chemical weathering and erosion) and human-induced (discharge from industries, domestic sewage, surface run-off from adjacent region) for PTEs of cluster-I and cluster-II.
The overall increase and variation in concentration of Co, Cr, Cu, Fe and Zn from the geochemical background value may be due to uncontrolled discharge of industrial effluent and domestic sewage, public boat service, aquaculture, extensive fishing activity, brick manufacturing, air emission from industries and shipping activity Ghosh et al. 2016) . Cr detected in the sediment cores of Hooghly-Matla estuarine region may have multiple sources such as use of pigments, vehicular emission, dyes and tanning products (Karar and Gupta 2006) . The mobilization of Cu and Zn may be due to extensive use of pesticides and fertilizers in the agricultural fields (Majumdar et al. 2009 ) that enter into the Hooghly-Matla estuarine system through surface run-off. Fly ash produced during combustion of coal in thermal and captive power plant contains Cu and Co (Chandra Mouli et al. 2006; Zeeshan et al. 2017) . The presence of Fe, Co, Zn and Cu in sediments may be also due to atmospheric deposition from uncontrolled emission of upstream iron and steel plants (Hoodaji et al. 2010 ). This coal-based thermal power plants and brick manufacturing units in the upstream of Hooghly-Matla estuarine system may also contribute toward the accumulation of Co, Cr, Cu, Fe and Zn as detected in the present study.
Assessment of sediment contamination status
In our study, to differentiate between accumulation of potentially toxic elements due to human-induced activities (industrial or mining operations, agricultural or aquaculture run-off, municipal waste) and natural process (weathering and erosion), we have utilized various sediment quality indices (EF, I geo , CF and PLI) for the assessment of sediments quality. Enrichment factors (EF) shown in Fig. 4 have definite bearing on the sedimentary source of PTEs whether they are contributed from anthropogenic sources or by natural weathering (Bastami et al. 2012; Magesh et al. 2013; Ghosh et al. 2016; Bakshi et al. 2017) . In reclaimed islands of Indian Sundarbans, irrespective of the core depth EF of all PTEs varied between 0.90 and 21.6 (Fig. 4) . The enrichment of elements over the crustal values showed a distinct increasing trend in the following orders: Cr \ Zn \ Cu \ Co, for all sampling locations in Hooghly-Matla estuarine region. However, in mangrove habitats of Hooghly estuary, mean EF values of PTEs varied between 1.2 and 17.7. The values of EF are found to be in following order Zn \ Cr \ Co \ Cu; Cr \ Zn \ Co \ Cu; Zn \ Cr \ Co \ Cu for sampling locations Petuaghat (S4), Tapoban (S5) and Chemaguri (S6). The minimum EFs obtained for Cr (\ 1) in Shamshernagar (S1) indicate that this trace metal has depleted compared to crustal concentration. However, the mean EF value [ 1.5 indicates sediment contamination such as Co, Cr, Cu and Zn. A higher EF value of Co, Cr, Cu and Zn is evident in the sampling locations of Hooghly-Matla estuarine region and core depth (except S1, S2 and S3 for Cr; S4 for Zn, EF \ 1.5) indicates the gradual accumulation of PTEs. The EF value suggests Co falls under class IV (S5 and S6) and class V (S1, S2, S3 and S4), whereas Cu falls under class IV (S1 and S2) and class V (S3, S4. S5 and S6) indicating severe to very severe enrichment of sediment by these two PTEs. This gradual enrichment of intertidal sediments of Hooghly-Matla estuarine region may be from various possible sources such as industrial effluent, domestic sewage, iron and steel industry, coke oven plant and power plants. Possible enrichment of Co, Cr, Cu, Fe and Zn was also estimated in terms of geo-accumulation index (I geo ) (Müller 1969) . The I geo values suggest varied contamination levels of PTEs in the sediments of Hooghly-Matla estuarine system from uncontaminated to moderately contaminated, in some Fig. 3 Cluster analysis of PTEs cases, even from moderate to highly contaminated states. According to Muller's (1969) classification, Fe falls under uncontaminated category throughout the Hooghly-Matla estuarine system (Fig. 5) . I geo values of all the sampling locations and core depth reveal that Cu and Co are under I geo class II and class III, respectively, i.e., uncontaminated to moderately contaminated and moderately contaminated to strongly contaminated. Similarly, Zn falls under I geo class I category in sampling location of reclaimed islands of the Sundarbans (S1, S2 and S3) (Fig. 5) . Different degrees of contamination and contaminants loading (Tomllinson, 1980) . The value of the PLI varies between 1.59 and 2.39 with maximum at Tapoban (S5) and minimum at Shamshernagar (S1) and Petuaghat (S4) (Fig. 7) . Value of PLI [ 1 in all sampling locations of the region suggests gradual degradation of sediment quality. In general, PLI value in Hooghly-Matla estuarine system is decreasing in the following order: S5 [ S6 [ S3 [ S2 [ S1 and S4. The PLI value with reference to Co, Cr, Cu, Fe and Zn in the region shows gradual and steady increase during last 30 years. Moreover, the calculated PLI values in our study were found to be higher in comparison with several coastal regions like Tamaki estuary, Tokyo Bay and Bay of Bengal (Bangladesh), while it is much lower than Boston Harbour and Sungai Puloh estuary (Table 3) . The values indicate that the sediments of the reclaimed islands of Indian Sundarbans and mangrove habitats of Hooghly estuary are moderately contaminated with PTEs. The mean values of Cu are between ERL and ERM and [ PEL (except S1) in all the locations, whereas mean value of Zn is between ERL and ERM (S1, S2 and S5), \ ERL (S3, S4 and S6), between TEL and PEL (S1, S2, S3 and S5) and \ TEL (S4 and S6). The mean value of Cr is \ ERL (S1, S2 and S3), between ERL and ERM (S4, S5 and S6), \ PEL (S1 and S3), between TEL and PEL (S2, S4 and S6) and [ PEL (S5) (Fig. 8) . Thus, Hooghly-Matla estuarine system is the most exposed and vulnerable region of trace metal contamination as most of the municipal sewage and industrial effluent are discharged along this estuarine system. Our study indicates that the estuary is moderately to strongly contaminated; if the PTEs enter biogeochemical cycles, they may pose severe ecotoxicological threats on the biotic community. Aquatic organisms may biologically accumulate PTEs many folds higher than their concentrations present in ambient water (Mitra et al. 2012) . Several researchers reported that these PTEs may get accumulated in the crustaceans (Mitra et al. 2012 ) and fishes (Yusof et al. 1994; Mitra et al. 2010) , thereby posing potential threat to human health and hygiene.
Conclusion
The work has potentially evaluated the distribution of potentially toxic trace elements and their ecological risks in sediments in the dynamic Hooghly-Matla estuarine system, improving the knowledge base on the status of metal contamination and associated ecological risks in the region. The variation in the distribution of PTEs in this region might be due to wide-ranging anthropogenic influences, mixing, tidal amplitude, erosion, fluvial dynamics and sedimentation regime. The study also indicates higher EF values of Co and Cu in intertidal sediments are of serious concern. The PLI varied between 1.59 and 2.39 with maximum at Tapoban (S5). Increased PLI at the mouth of Hooghly-Matla estuarine system at Tapoban (S5) indicates human-induced impacts in terms of an intensive uncontrolled discharge of industrial effluents and domestic sewage, emission from industries and shipping activity.
The study has also focused on the necessity for proper management of vulnerable coastal estuarine ecosystem by stringent pollution control measures along with regular monitoring and checking program. The region is on the verge of rapid economic development with the gradual increase in industrial and port activities. Henceforth, further deterioration and degradation of local ecosystem is expected in near future. A certain changes in physicochemical characteristics of sediment quality may accumulate these PTEs and expose the biotic community to a chronic trace metal contamination which in turn will have impact on the marine environment of the estuarine region, thereby affecting public health and hygiene, economical and ecological hazards. Therefore, a longterm and detailed assessment of ecological risk is required to find out the mobilization pathways of Co, Cr, Cu, Fe and Zn and their bioaccumulation pattern at the contaminated sites. Further investigations are required on the levels of PTEs concentrations in humans and animals of the region to accomplish a detailed scenario of risk assessment.
